Abstract-In this letter, an empty substrate integrated waveguide H-plane sectorial horn antenna is presented. The antenna is integrated within a planar substrate and is fed by means of a microstrip transmission line. It is composed of a partially empty substrate layer stacked between two cover metallic plates. Results obtained for a prototype designed and fabricated at Ku-band show a measured efficiency close to 90% and matched responses. No extra loading elements are needed in order to reduce reflection at the end of the aperture conversely to previous designs. Moreover, the structure is quite simple and cheap and does not depend on substrate characteristics, i.e., dielectric permittivity or loss tangent. This new methodology for manufacturing substrate integrated antennas without dielectric considerably improves the performance of conventional substrate integrated horn antennas.
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I. INTRODUCTION

D
URING the last years, a great number of substrate integrated circuits have been developed. These new circuits combine the advantages of classical nonplanar technologies (waveguide or coaxial transmission lines for instance) such as high quality factors and the benefits of planar circuits such as low cost and easy compact integration. In this regard, substrate integrated waveguide (SIW) technology allows to construct several types of commonly used antennas in a planar way [1] , [2] . However, different limitations associated to the use of the substrate appear in the implementation of certain types of antennas, i.e., low efficiency as frequency is increased due to dielectric loss, strong mismatch as a consequence of the use of thin substrate layers, and high reflection at the end of the aperture caused by the impedance difference between the dielectric and air. Several strategies have been developed to overcome these problems and to optimize the design of dielectric-loaded horn antennas [3] - [7] . Some of them require the use of nonprinted elements making the building procedure more complicated. Solutions based on integrated dielectric lenses have also been proposed, but their performances are limited by the thickness of the substrate [8] - [12] . Nevertheless, the drawback related to losses introduced by the dielectric, and consequently low efficiency, has not been solved yet. We present in this letter an H-plane horn antenna with improved performance. The topology of the antenna is based on the novel structure proposed in [13] . In this work, a new methodology for manufacturing empty substrate waveguides, without dielectric, but at the same time completely integrated in a planar substrate is proposed. The empty substrate integrated waveguide (ESIW) has an easy fabrication process while keeping the advantages of nonplanar structures such as high quality factor, quick simulation and optimization analysis, and low loss. By this mean, horn integrated antennas with high radiation efficiency and good matched responses can be obtained.
The letter is structured as follows: Section II introduces the design and simulations of an ESIW horn antenna. Experimental results are discussed in Section III. Finally, Section IV is devoted to the conclusions of the letter.
II. ESIW H-PLANE SECTORIAL HORN ANTENNA DESIGN
The geometry of the ESIW H-plane sectorial horn antenna and the parameters used in the subsequent analysis are given in Fig. 1 . As it can be seen, a λ/4 adapter has been used to match the waveguide at 15 GHz. This ensures that almost all the energy that provides the microstrip line is transmitted to the horn antenna.
Next, the antenna design procedure followed is described. First, the size of the horn is chosen to obtain the desired directivity. In order to provide minimum phase error along the horn aperture the following expressions have been used [14] :
where A is the dimension of the horn antenna at the opening, R H is the radius of the horn, and l H is the length of the antenna. Then, a first version of the horn without transformer is analyzed. To do this, the horn antenna is directly fed by the guide of width a. In this step, the dimensions of the horn are calculated in terms of a, i.e., a t must be replaced by a in (3). The results obtained serve to identify the resonances of the horn antenna. However, near the resonances, the field in the horn is distorted, and the radiation pattern differs from the theoretical. As a result, 1536-1225 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. it is more appropriate to match the horn between resonances, where the infield is stable and provides diagrams very similar to the theoretical radiation patterns. Therefore, the horn is rescaled so that the identified resonances in the previous step are far from the design frequency. In this way, it must be ensured that the horn, with its new size, still fulfills the requirement of directivity. If this is not the case, the horn is rescaled again making it larger, but maintaining the resonances far from the design frequency. The next step is to analyze the horn antenna without transformer and estimate its input impedance. The reference plane to calculate the Sparameters is situated at the beginning of the horn and, in that case, its input impedance is
The following is to design a transformer to adapt this impedance. In such a way, a t and l t1 will be calculated. Finally, the transformer dimensions and the radius of the horn antenna are optimized: a t , l t1 , and R 0 . To make the horn antenna optimal, its dimensions are calculated using a t because now it is fed with that guide. The rectangular waveguide and sectorial horn antenna are integrated by using the same single substrate based on the ESIW technology (see Fig. 2 ). This figure is the model used for the simulation. This structure is designed by Fig. 2) . A secondary cover, on the top of the structure ( 1 in Fig. 2 ) prevents undesired radiation from the microstrip line and the SMA connector that feeds the antenna. The taper has been designed following the procedure highlighted in [13] . It is optimized with the following objectives (S 11 < −15 dB and S 21 > −2 dB) for a frequency range of 12-18 GHz. The final dimensions of the horn antenna are listed in Table I . In a traditional SIW, the electromagnetic waves are confined in a dielectric body enclosed by the upper and lower metallic walls of the substrate, and by lateral metallized circular holes. However, in the ESIW, the electromagnetic fields travel in the vacuum, and they are confined by upper, lower, and lateral metallic layers. Therefore, the electromagnetic waves are propagated in the air, which implies low losses.
III. EXPERIMENTAL AND SIMULATED RESULTS
In order to validate the proposed design, a prototype has been fabricated and measured. This structure is manufactured by emptying a hole in a planar substrate. Next, the substrate is metallized so that the lateral walls of the empty horn antenna are created. After that, the microstrip-to-ESIW taper is cut, and finally, two thin upper and lower metallic walls are soldered to the substrate in order to confine the fields inside the horn. To fabricate this ESIW horn antenna, an LPKF Protomat S103 circuit board plotter was used. This machine provides a manufacturing resolution of 0.5 μm and a repeatability of ±0.001 mm. The LPKF Mini Contac RS system was used for the electroplating. Fig. 3 shows the antenna prototype.
The commercial simulator Computer Simulation Technology (CST) Studio Suite 2014 has been used for the full-wave simulations. The simulated and measured reflection coefficient is shown in Fig. 4 . As it can be seen, a good agreement is obtained between both responses. However, a small frequency shift of 41 MHz is observed. Differences between simulation and measurements are due to the manufacturing process attributed to substrate permittivity variations, imperfections during the metallization and soldering, and dimensions errors occurred during the milling. A narrow bandwidth around 268 and 207 MHz for simulations and measurements, respectively, is obtained. The best return loss is 50 dB at 15 GHz and 30 dB at 14.96 GHz for simulated and measured results. Therefore, the antenna is well matched without use of external elements due to the absence of substrate.
The normalized 3D and E-plane radiation patterns are shown in Fig. 5 . The radiation patterns have been obtained for the design frequency. A typical radiation pattern for H-plane sectorial horn antennas is obtained; see Fig. 5(a) . However, some discrepancies can be observed due to the imperfections raised during the fabrication process. The most crucial point is the assembling of the different layers as a consequence of the generation of undesired resonances and air gaps inside the structure. Both effects can modify the radiation in certain directions and can also produce a strong ripple in the radiation pattern.
The maximum of radiation is obtained along the x-axis with measured directivity 8.94 dBi and measured total efficiency 89.1%. In Fig. 5(b) , the maximum appears at θ= 0
• , as expected. Furthermore, the measured sidelobe level (SLL) is 8.55 dB, and the -3 dB beamwidth and the beamwidth between first nulls are 15
• and 20 • , respectively. In addition, an efficiency analysis including the values obtained for different ESIW and SIW antenna configurations, i.e., taking into account or not the micrsotrip feeding and SMA connector, has been carried out; see Table II . The simulated efficiency for the ESIW horn antenna including the microstrip feeding and the SMA connector is 92.9%. The difference between measured and simulated results is due to quality of the electro-deposited copper that closes the structure. In the real device, this metallic enclosure shows high degree of granularity, while in simulations, a perfectly plane copper layer has been considered. This fact increases the conduction losses in the metal, thus the efficiency is slightly worse (around 3.8%) in experimental results. In order to compare the performance of this novel ESIW arrangement, an equivalent SIW horn antenna has been designed working at the same frequency. Both antennas have been simulated without considering the feeding lines connectors and transitions, so that only the target devices have been actually analyzed. The efficiency of the ESIW antenna is 99.9%, while the efficiency of the equivalent SIW antenna is only 69.3%. A third part of the input power, i.e., 30.6%, is lost during the propagation inside the SIW antenna. Simulations also prove that approximately 7% of the total radiation efficiency is lost when the feeding elements are considered (SMA connector, microstrip feeding line, and transition to ESIW). Since the measured efficiency for the whole antenna is 89.1%, it is expected that the ESIW horn antenna itself will be able to provide a total radiation efficiency above 95%. Finally, it is worthwhile to mention that the high efficiency obtained for the proposed structure cannot be achieved with current SIW planar horn antennas due to substrate losses. This fact limits the use of substrate-filled antennas to medium-and low-frequency ranges of operation.
IV. CONCLUSION
An ESIW horn antenna with high efficiency and wellmatched is presented in this letter. This novel horn antenna has been designed and manufactured successfully. Simulated and experimental results show a radiation efficiency close to 89% and return losses around 30 dB. The structure proposed improves the performance of previous SIW antennas. Potential use of these sort of antennas can be foreseen in a wide number of applications due to its easy integration and low cost.
